Summary. Conventional cellular systems efficiency is currently being challenged by the continuously changing and more demanding world of mobile services and communications. The major problems in conventional cellular communication systems are the limited autonomy of battery-powered mobile devices and the low data rate of currently available services. In this work a viable solution is presented to overcome the aforementioned limitations by proposing the concept of peer to peer cooperation among mobile phones. Cooperation with instantaneous pay-off is the key to break the trade-off between complexity and energy consumption. In this work we highlight one possible scenario of cooperative data reception among users of a cellular network.This benefits both the end user in terms of energy consumption, data rate, and transmission delay, and the network provider with better resource sharing and revenues coming from the exploitation of new service paradigms.
Introduction
Fourth generation (4G) wireless communications systems are requested to give an answer to all crucial needs raised by emerging applications and services conceived for mobile devices. Most of the new applications, such as TV-on-mobile and video streaming, are quality driven and put very demanding constraints both on the system and on the end-user device performance. A thorough analysis of service levels offered by the system is indeed of utmost importance when planning the launch of innovative services.
Recent studies on novel QoS (Quality of Service) paradigms advise to focus on the quality the user perceives. Usually, users are only aware of either how clear an image appears to them or how often they need to recharge the battery of the device. Clearly, high-level service requirements can be matched by addressing low-level target performances, such as data rate increase, transfer delay reduction, and energy saving. Currently deployed cellular systems are limited by low data rate and high terminal energy consumption; this is why unconventional forms of user communications and network synergies are needed to meet highlighted exigencies.
In this paper a peer-to-peer cooperation paradigm is conceived among cellular subscribers cooperating over a short-range radio network (such as WiFi or Bluetooth) with the aim of achieving mutual beneficial effects.
The paper is organised as follows. In Section 2 we give a brief description of cooperative communication paradigms in wireless networks. The reference scenario for our analysis is introduced and discussed in Section 3, while the test-bed set-up implementation will be described in Section 4. The experimental results of the implemented scenario are presented in Section 5. Concluding remarks are given in Section 6.
Cooperative Communication Paradigms
Cooperation in wireless networks is a communication paradigm of increasing interest that is nowadays testified by intense and highly diversified researches. A well-known approach to cooperation includes multi-hop/relaying techniques, cooperative diversity and antennas, cooperative coding, and so on. Another emerging approach, particularly relevant to 4G networks, envisages cooperation between heterogeneous networks (e.g., cellular and short-range wireless communications). This latter approach, whose main potentialities and characteristics have been discussed in [1] , [2] and [3] , is followed in this paper.
Several ideas behind the concept of cooperation are inspired by nature and animal behavior. Cooperation is defined in [3] as the strategy of a group of entities to achieve either a common or an individual goal. Furthermore, cooperation can be seen as the action of obtaining advantages by giving, sharing or allowing something.
In principle, cooperation has the potential to enhance key capabilities and performance figures of wireless communications, such as increasing the data rate, limiting power consumption, enhancing spectrum efficiency and capacity. On the other hand, cooperative communications among users and synergies among networks require new business and cost models to be studied by network and service providers.
A good classification of cooperative communication, first introduced in [3] , distinguishes three levels of cooperation, namely implicit cooperation, explicit macro cooperation and explicit micro cooperation. Implicit cooperation is characterized by fairness and mutual respect among entities in a passive way. Involved entities share common resources in a fair way without any further gain (an example is given by a medium access control policy). According to explicit macro cooperation, the cooperating entities are wireless system terminals, access points, router, which directly interact with each other to reach a common or individual goal (an example is given by the multi-hop relaying scenario). The explicit micro cooperation level, instead, involves parts of the entities, such as antennas, batteries, CPUs, or other terminal hardware components. The energy saving strategies reported in this paper refer to an architecture implementing an explicit micro cooperation model. This latter exploits the potentialities of peer-to-peer communication.
Users typically have a natural disincentive to cooperate in a peer-to-peer content-sharing network [4] , which often has the "free riding" problem as a common consequence. Free riders are users who benefit from the resources of others without giving their own resources in exchange [5] . Notwithstanding, effective incentive mechanisms for aforementioned architectures have been introduced in literature. Based on a Evolutionary Prisoner's Dilemma (EPD) model in [6] and on a Generalized Prisoner's Dilemma (GPD) model in [7] , incentives for cooperation are proposed and analysed. In [8] a new mechanism in a BitTorrent file distribution system is proposed being more robust against free riders.
The Reference Scenario for Cooperation: Motivations and Benefits
In Figure 1 the cooperative multi-network communications architecture, that is used as a reference in this paper, is represented. Multimode terminals are provided with both cellular and short-range communication capabilities. Cellular technologies can be either General Packet Radio Service (GPRS) or Universal Mobile Telecommunication System (UMTS); Bluetooth and Wireless Local Area Network (WLAN) technologies are a viable solution to shortrange connection needs.
The depicted scenario implements micro cooperation based on the synergy between long range and short-range involved networks. Each terminal is connected to the base station (or access point) by means of a cellular link and, simultaneously, with other terminals on a short-range link communication basis. As briefly introduced in previous section, free riding is one of the main problems in peer-to-peer communication paradigms. Nevertheless, in this paper we assume a fair cooperative behavior of the user terminals. This means that each user is keen both to benefiting from the resources of others and to offering his own resources to others in exchange.
Complementarities and capabilities of cellular and short-range radio networks can be beneficially exploited by cellular subscribers operating in this cooperative scenario. Cellular link has the key role of service entry point, while the peer-to-peer short-range link implements the cooperative user's behavior. Enabling cooperative peer-to-peer communication between terminals over short-range links while simultaneously downloading data over cellular links can achieve energy saving and data rate improvements. It is worth recalling that cellular links between base station and user devices need high power to cover some kilometres distances, while device-to-device short-range connections need low power to cover tens of meters only. This feature is the basis of all energy consumption related benefits offered by the novel architecture. Besides energy efficiency, short-range connections can provide much higher data rate than current cellular systems. This makes the reference cooperative architecture even more attractive to the end-user.
Two different approaches are possible in the view of achieving envisaged gains from cooperation. The first one assumes that terminals are able to simultaneously operate over both air interfaces. 2G and 3G mobile devices equipped with cellular and short-range interfaces, already offer such a possibility. This approach referred to as multi modality, is the one we assume as a reference in this paper. The second approach, referred to as common air interface, envisages the possibility of implementing a unified air interface to be used for both cellular link and short-range link communications.
What is relevant to our research work is that, in both cases, the cellular link has the key role of service entry point, while the peer-to-peer link implements the cooperative behavior.
A paradigmatic example of cooperative application is the case when more users are interested in downloading the same data stream, for example a movie, from a web server. In a conventional cellular communication system each user would need to establish a GPRS/UMTS connection to the server and download the whole data stream. In the proposed cooperative architecture, the same users, under mutual coverage for a short-range connection (e.g., Bluetooth or WiFi), can agree on sharing the costs of downloading the movie. This means that they will download different fractions of the movie from the server over the GPRS/UMTS connection and, by setting up their short-range connections, they will cooperatively exchange movie portions.
All users will achieve their personal goal of receiving the complete amount of data belonging to the desired service. Noteworthy, the objective is reached by downloading only a fraction of the data over the expensive, slow, and high energy demanding cellular link.
The Cooperation Environment Test-bed Setup
The study and performance evaluation of the envisaged micro cooperation architecture has to pass through the choice of a reference test-bed scenario. Attention of our research is on a situation in which two sample users are interested in downloading the same data, for example an mp4 video file, from a web server. The two terminals will download different portions of the same video and, by setting up a short-link connection, they will exchange the correspondent portions of data in a cooperative fashion.
Both terminals will achieve their personal goals of receiving the complete amount of data belonging to the desired service. Consequently, an "egoistic" reasoning driven by the instantaneous pay-off will motivate each terminal to cooperate with a possible peer entity.
A test-bed for a GPRS-Bluetooth cooperative architecture has been setup. The achievement of the objective passed through the study and design of the overall novel cooperative architecture that required:
• the implementation of the cooperative terminal behaviours, • the development of graphical user interfaces for the cooperative application, • the integration of the Bluetooth connection set-up into the application, • the implementation of the HTTP transaction management functionality on cellular links, • the exploitation of HTTP/1.1 Range Request [9] feature for a dynamic, server independent, and peer-failure tolerant file-sharing.
Two cooperative mobile phones equipped with Bluetooth network cards have been used for a first measurement campaign. The test-bed scenario also foresees a remote server, where the two mobile terminals can download an mp4 file from. Two different data delivery approaches have been implemented: a static server-aware approach and a dynamic server-unaware approach.In both cases the server will deliver a complete file to the non cooperating clients, while partial files will be delivered to cooperating clients.
The static server-aware approach
We refer as static sever-aware approach the case in which the server needs to be provided beforehand with the necessary data to support the cooperativewilling entities. In the specific implemented case of two cooperating devices, two files are made available to the cooperating clients from the server, which are exactly the first and the second half of the whole file. An 2.546 Kbytes mp4 file has been used for testing purposes; it corresponds to two files of 1.273 Kbytes in the static cooperative case. When a mobile is not cooperating with the other one, it will download the complete file. When the two devices are cooperating, then the master of the Bluetooth link will download the first half of the whole file and the slave of the same link will download the second half of it.
Each device, before starting any transaction, can take the decision of either downloading the complete file by itself, or first trying to establish a Bluetooth connection with another available device. After the Bluetooth connection is set up, the device will know which half of the file to download. At the end of the cooperative transaction, both devices will have received both parts of the file. They will then build the complete movie file by simply appending data received over the cellular link to data received over the Bluetooth connection. The complete mp4 file can eventually be displayed and watched by each user on his own terminal.
This quite simplified scenario, presenting many limitations and assumptions, can be extended to more devices. This requires the upload of a proportional number of portions of the file to the server in a static way. Moreover, problems can arise in case of Bluetooth link failure, for example due to the decision of one of the two peers to stop the transaction. The user would need to start a new non-cooperative transaction to the server to fetch the complete file and will loose all previous efforts. To answer these issues and to obtain a more performing cooperative behavior, an alternative approach based on 1.1 version of HTTP protocol has been studied.
The dynamic server-unaware approach
The exploitation of HTTP/1.1 protocol features fits perfectly our cooperative dynamic server-unaware scenario. HTTP/1.1 Range Request is one of the main features introduced to improve previous protocol version. The Range Request header is intended to support dynamic data delivery. As an example of exploitation of this feature, we mention a parallel-access scheme proposed in [10] . In the proposed architecture, end-users access multiple servers at the same time, get different portions of a file from different servers, by means of Range Request calls, and reassemble them locally. The result is that users experience significant speedups. Moreover, one of the main advantages stated in [10] , is the dynamic aspect of the access scheme which does not require any modifications to servers or to content.
In the implemented test-bed, the two cooperating peers will perform an HTTP HEAD call to the server to obtain meta-information about the file to access. This call will be made over the cellular link, but will not cause the transfer of the entity-body itself. The data size information, retrieved from the information obtained after the HTTP HEAD call, will be used to set the Bytes Range-Request of the subsequent HTTP GET call.
In the test-bed scenario the master and the slave will fetch respectively the first and the second half of the data. In a scenario involving more terminals, a valid alternative algorithm needs to be studied.
The main advantage of implementing HTTP/1.1 Range Request feature is that we are not forced to upload additional files to the server to support the cooperative service. Moreover, in case of a Bluetooth link failure, the peer will not loose previously made efforts, but will simply perform a new GET call to the server to fetch the missing Bytes over the cellular link. For these reasons we refer to this approach as a dynamic server-unaware approach.
The main limit for a wide-spread use of this algorithm, is that old HTTP/1.0 servers present on the Web do not support the Range Request header. Moreover, as stated in [11] , HTPP/1.1 servers, when a client makes a Range Request specifying one or more contiguous ranges of bytes, can either return one or more ranges in the response or ignore the Range header.
Clearly, the described scenario is a simplified representation of a real architecture, in which reasonably more than two terminals will cooperate. Notwithstanding, it is an effective test-bed for experimental measurements aiming at testifying the benefits introduced by cooperation in terms of energy consumption, data rate and transfer time. The power saving potentialities of the proposed communication architecture are easily predictable. The performance comparison between the stand-alone and the cooperative model, which is the subject of our simulation campaign, will show the exact measure of achievable gains.
Implementation Issues and Measurement results
Mobile phones used for the performance evaluation campaign (Nokia N70) are based on Symbian Operating System (OS). Efficient management of simultaneous events behaving asynchronously and the good interaction level with other services on the Symbian device, are Symbian OS features offering the opportunity to effectively support the desired cooperative behavior.
A mobile application has been developed for aforementioned devices, to implement the test-bed scenario described in previous sections. For the setup of the Bluetooth connection a Bluetooth module, implemented by using Symbian OS Application Programming Interfaces (API), has been integrated into the application. The module was developed by the Mobile Device Group of Aalborg University [12] and has been the basis for the implementation of the transactions on the short-range link and for the accomplishment of the cooperative terminal behaviour. As for the cellular data transmission, we have implemented an HTTP transaction on a GPRS link. Timer implementations within the mobile application have been required to detect elapsed time and transfer rate during transactions. The test-bed application has been provided with the design of a graphical interface depicting the instantaneous and to-tal resulting values of transmission time and download rate. The application screen-shot in Figure 2 refers to one of the four implemented views. Fig. 2 . Application screen-shot reporting instantaneous data rates of the cooperating terminals on the two simultaneously working networks.
During the cooperative transaction the download rate is displayed, split into four different terms: Bluetooth Out, Bluetooth In, HTTP In, and Total In respectively. All values are instantaneous values in bytes/s, considered on a 10 seconds interval. The first three values are representative of the download rate over the short-range (sending rate and receiving rate) and over the cellular link connection respectively. The Total In value is defined as the virtual data rate, representative of all data instantaneously incoming at the mobile device.
The application screen-shots in Figure 3 compare a cooperative and a noncooperative scenario. Specifically, results refer to two complete data downloading processes with the same data size. The two screen-shots on the left side of the Figure, refer to the process performed according to the cooperative behavior, while the two screen-shots on the right side of the Figure are representative of the non-cooperative behavior. From this glint of comparison between the two cases, the enormous benefit each cooperating device gains, in terms of transmission time and download rate, clearly appears. In the specific case, the upper part of the Figure shows a comparison of the instantaneous data rate at the devices on the different involved networks. Comparing the instantaneous total at device incoming rate (tot/in value in the screen-shots), the gain in the cooperative case is clearly depicted. The lower part of the Figure shows an overall average data rate of 10.2 Kbytes/s, registered by the cooperative device (on the right side) when transaction is completed. This value, compared to the 4.2 Kbytes/s of the non-cooperative device (on the left side), is more than double, and consequently the transmission time is more than halved. Even if this is a very optimistic case, the overall average results of the measurements campaign are reported in Table 1 . Fig. 3 . Application screen-shots reporting cooperative (right) and non-cooperative (left) instantaneous and final download rate, and transmission time results.
As for the energy consumption evaluation, the circuit showed in Figure  4 has been used, where the 3.7 V battery of the mobile phone is directly connected to a multimeter. The multimeter is set to read the average value of current used by the phone downloading the desired data flow over the chosen measurement period.
To obtain the best comparison is possible between traditional and cooperative scenarios, measurements have been taken in the same physical position, alternating a non-cooperative with a cooperative download from two devices. Measurements have been repeated in different days, at about the same time in the evening. This is because during that period of the day the lower cell load gave more stable and better comparable results. According to Equation 1, the energy value has been obtained by multiplying the voltage by the current and by the time.
The main benefits obtained by cooperation in the simplified reference test scenario are detailed in Table 1: • Energy Consumption: Energy consumption results are the most interesting ones among those obtained and, maybe, the less obvious as well. By comparing the energy consumption values of the cooperative and the non-cooperative scenarios, a manifest gain in the cooperative case has been obtained. Energy consumption gain reached peaks of 46%, having an average value of 44.33%. This means, by using a practical example, that the mobile terminal end-user, will, for instance, need to recharge his phone almost one time every second day, instead of each day. The reason for this gain, is that the short-range Bluetooth connection consumes very much less energy than the long range cellular GPRS connection. Each device, downloading half of the data over GPRS and exchanging the received data with another device over Bluetooth connections, will experience the cited energy consumption gain.
• • Transmission Time: In terms of transmission time, an average gain of about 50% is reached, which means a much lower transmission delay. In the specific test-bed scenario it means that the waiting time for the enduser to finally see the result of his download (a movie in our test-bed) is reduced to one half. This is not surprising as the virtual data rate has doubled. The aforementioned results are quite promising. Noteworthy, if more than two devices would be involved downloading even less than half the data over the cellular link and exchanging it over the short-range, then proportional increasing gains can be achieved.
Two more benefits of the cooperative scenario have to be underlined. These do not need any experimental measurements to be supported and are especially interesting for network and service providers:
• Cell Capacity: In the cooperative scenario the devices will download only half of the data over GPRS, which means halved usage of GPRS resources, and consequently increased cell capacity for the network.
• Service Cost: A device downloading, let's say, half of a file, will stay connected half of the time; this allowing a proportional reduced billing. As this is attractive for the end-user interest, service and network providers can design new business scenarios and cost models to incentive support for cooperative networking and enlarge the subscribers basin.
Conclusions and Perspectives
In this paper we have presented promising energy saving strategies for a novel cooperative communication architecture for wireless and mobile networks. The cooperative behavior between cellular terminals provides great benefits not only related to energy consumption. Using a peer-to-peer short-range link for cooperation among terminals, combined to a service entry point cellular network, data rate, transmission time, cell capacity and service cost registered significant improvements. Supported by the relevant and significant results obtained, the introduced concepts need to be considered as a first step towards further research and implementations of micro cooperative scenarios and networks. As perspective, we intend to extend the cooperative scenario to more than two devices. A dynamic algorithm needs to be studied to fairly share the data amount to be downloaded from the devices over the cellular link. The proposed dynamic server-aware approach, can be considered as a good starting point for further improvements.
A second perspective is to consider other networks for the cooperative scenario. For instance, an implementation of a cooperative scenario based on a WLAN short-range network, opens up the opportunity to compare and analyse different energy saving behaviours in a dynamic and multiple network scenario. Moreover, it is expected that involving more terminals and considering different combinations of cellular and short-range networks, better performing and even more interesting benefits can be achieved for all network architecture entities.
